The Drosophila pointed gene encodes two ETS transcriptional activators, pointedP1 and pointedP2, sharing a common C-terminal ETS domain. In the embryonic central nervous system pointedP2 is required for midline glial cell differentiation, whereas, in the eye, pointedP2 is essential for photoreceptor cell differentiation. Both vertebrate c-ets-1 and c-ets-2 gene ETS domains are highly homologous to the one of pointed. In addition, the N-terminal region of pointedP2 and vertebrate ets products share another homologous domain, the so-called RII/pointed box which appears to mediate the ras-dependent phosphorylation/stimulation. Here, we show that the vertebrate ets genes are functionally homologous to the Drosophila pointed gene. pointedP2 efficiently binds to an optimized c-Ets-l/cEts-2 probe in vitro, and stimulates two distinct c-Ets-l/c-Ets-2-responsive sequences when transiently expressed in vertebrate cells. Conversely, when vertebrate ets transgenes are expressed during fly development, they are capable of rescuing the pointed mutant phenotype in both midline glia and photoreceptor development. As ectopically expressed pointedP1 can also rescue pointedP2 deficiency in photoreceptor development, it appears that the ability of ets products to phenocopy each other in vivo does not require the conserved RII/pointed box, but rather, primarily relies on the presence of the highly conserved ETS domain.
Introduction
Numerous regulatory pathways underlying the developmental decisions that steer multipotent cells toward a particular fate are highly evolutionary conserved (see Brown and Hartley, 1994; Simpson, 1994) . In several cases, the functional conservation of homologous proteins has been directly demonstrated by rescuing the Drosophila mutant phenotype by the expression of the corresponding vertebrate transgene (Malicki et al., 1990; McGinnis et al., 1990) . In some cases, mutant analysis further demonstrated the conservation of structural and functional properties. Both the vertebrate pax6 gene, and its Drosophila homologue, the eyeless gene, are required in the same developmental process, and appear to act as master regulatory genes of eye development (Walther and Gruss, 1991; Gruss and Walther, 1992; Halder et al., 1995) . In the fly, the subsequent development of individual photoreceptor cells depends on the action of a conserved signal transduction cascade which is best understood at the example of the R7 photoreceptor cell. The Sevenless (Sev) receptor tyrosine kinase (RTK) is present on uncommitted precursor cells. Its activation on a single cell per ommatidium triggers neuronal differentiation. The signal provided by the activation of the Sev RTK is propagated to the nucleus via the conserved ras-raf-ERK-A pathway (for recent reviews, see Simon, 1994; Dickson, 1995; Wassarman et al., 1995) . When activated, the ERK-A protein, a MAP kinase of the ERK subfamily (Biggs and Zipursky, 1992) , is believed to migrate into the nucleus to directly phosphorylate several transcription factors that trigger (or inhibit) the neural differentiation of the R7 precursors (Dickson, 1995) .
Disruption of the pointed gene prevents the appearance of the R7 photoreceptors as well as of some outer photoreceptor cells (Brunner et al., 1994; O'Neill et al., 1994) . Further genetic analysis demonstrated that pointed acts downstream of the ERK-A protein (Brunner et al., 1994; O'Neill et al., 1994) . pointed gives rise to two products, pointedP1 and pointedP2, sharing a common ETS DNAbinding domain at their C-terminus (Kl~imbt, 1993) . Though pointedP1 could contribute to photoreceptor differentiation (O'Neill et al., 1994) , pointedP2 plays a major role in this process since certain weak mutant alleles of pointed only reducing pointedP2 function prevent R7 (as well as some outer photoreceptor) development (Brunner et al., 1994; Dickson, 1995) . In addition, pointedP2 is required for many other developmental processes, including midline glia development in the embryonic central nervous system (CNS) (Kl~nbt, 1993; Klaes et al., 1994) .
The two pointed proteins differ with respect to their Nterminal part and responsiveness to the ras-raf-MAPK signal: whereas pointedP1 acts as a 'constitutive' activator in transient transfection assays, pointedP2 seems to be a latent and inducible transcription factor needing the activation of the downstream effectors of Sevenless (for instance D-Rasl or ERK-A) to transactivate (O'Neill et al., 1994) . In fact, pointedP2 is directly phosphorylated by ERK-A on threonine 151 in vitro, whereas changing this residue into alanine leads to a mutant protein that is unable to transactivate on a multimerized ETS-binding site or to rescue the defects in photoreceptor differentiation (Brunner et al., 1994; O'Neill et al., 1994) . Interestingly, this crucial residue is located within the so-called 'pointed' or RII domain (hereafter referred to as RII) (Schneikert et al., 1992; Kl~imbt, 1993) which is shared by a subset of ETS proteins (Tei et al., 1992; Klambt, 1993 ) (see also Fig. 1 ).
The ETS gene family has been widely conserved in metazoans (Degnan et al., 1994) and some vertebrate ETS gene products, for instance the members of the Elk/Sap subfamily, are also directly phosphorylated and regulated by various MAPK protein kinases (Price et al., 1995; Whitmarsh et al., 1995) . The structurally closest vertebrate relatives of pointed are the c-ets-1 and c-ets-2 genes (Pribyl et al., 1988; Kl~imbt, 1993; Albagli et al., !994) . The pointed ETS domain is 95% identical to those of the vertebrate c-ets-1 and c-ets-2 genes (Pribyl et al., 1988; Kl~imbt, 1993) . Moreover, c-ets-1 and c-ets-2 products contain an RII region that is 45% homologous to the one of pointedP2 (Klg.rnbt, 1993) (Fig. 1) . Within this region, the phosphorylation of the threonine residue homologous to pointedP2 threonine 151 also appears essential for cEts-l/c-Ets-2 to undergo ras-mediated stimulation of their transactivating function (Coffer et al., 1994; Bradford et al., 1995; Yang et al., 1996) . Finally, the similarity between pointedP2, c-Ets-2 and one product of c-ets-1 (cEts-1 p68) spreads upstream the RII region to include a short motif, termed BEC (for ets-1 beta exon/ets-2 conserved motif) that is essential for the transactivating function of both c-Ets-1 p68 and c-Ets-2 N-termini (Fig. 1) . Taken together, these data suggest that pointed could be a close, if not the direct, descendant of the 'c-ets-1/2' uncommitted ancestor that was duplicated presumably in early vertebrates ). We will hereafter refer to these three genes as the 'ets genes', -ets-I and c-ets-2 genes are the closest vertebrate relatives of the Drosophila pointed gene, collectively referred to as the ets genes. Only the regions sharing homology and the specific extreme C-terminus of v-Ets have been darkened. The two point mutations in v-Ets have also been mentioned. Light gray box, 'pointed box' (Kl~nbt, 1993) or 'RII region' (Sehneikert et al., 1992 ) (referred to as RII in the text); dark gray box, ETS DNA-binding domain (Kl~nbt, 1993) ; black box, BEC (Ets-1 beta exon and Ets-2 conserved region) motif . In the N-terminus of RII, the conserved threonine residue dedicated to the ras-mediated phosphory!ation/stimulation in vertebrate ets products and pointedP2 has been underscored. (Brunner et al., 1994; O'Neill et al., 1994; Yang et al., 1996) .
whereas 'ETS' will denote the whole family and 'ETS' their conserved DNA-binding domain Beside these restricted domains of structural similarity, the major parts of the proteins are completely different between Drosophila and vertebrate ets products (Kl~imbt, 1993) (Fig. 1) . Thus, whether the function of ets genes has been evolutionary conserved remains questionable, as for instance some other homologous regulatory proteins display a strict species-specific function due to minor structural variations (Shirakata et al., 1993) .
To accurately examine the functional relationship between the vertebrate and Drosophila ets genes, we expressed pointed in vertebrate cells and, conversely, vertebrate ets sequences in Drosophila. Transient transfection assays demonstrate that pointedP2 stimulates two distinct c-Ets-1/c-Ets-2-responsive in vertebrate cells, whereas vertebrate ets products transactivate at least a subset of endogenous pointedP2-target genes as their ectopic expression rescues the phenotype associated with mutant pointed alleles for both midline glia and photoreceptor cell differentiation. These data demonstrate that vertebrate and Drosophila ets genes are both structurally and functionally homologous and could facilitate a further functional dissection of vertebrate ets products in vivo.
Results

Drosophila and vertebrate ets products bind to an optimized ETS-binding site with a similar efficiency in vitro
To compare the functional properties of vertebrate and Drosophila ets genes products, we first examined their in vitro DNA-binding activities. Both pointedP2 and c-Ets-1 (p68) were produced using rabbit reticulocyte lysates and equal amounts of each protein were incubated with an optimized EBS (Ets-binding site, Fig. 2) , to perform electrophoretic mobility shift assay (EMSA) experiments. As shown in Fig. 2 (compare lanes 4-5 and 8-9), similar amounts of the probe were retarded by the two proteins. In each case, the retarded complex diSappeared with an excess of unlabelled competitor, indicating its specificity (lanes 6 and 10). Thus, in correlation with the high evolutionary conservation of the ETS DNA-binding domain between vertebrate and Drosophila ets genes (Pribyl et al., 1988; Klarnbt, 1993) , their products display indistinguishable DNA-binding activity in vitro, at least on the EBS probe.
pointedP2 transactivates c-Ets-1/c-Ets-2 responsive elements in vertebrate cells
Ets proteins generally rely on cooperation with unrelated transcription factors to efficiently transactivate target gene expression. To further substantiate the functional Soudant et al., 1994 ). An EMSA experiment is presented. CO, control empty vector (pTL); X2, a two-fold amount of protein (versus the 'X' canals) was incubated with the EBS probe. C.C., cold competitor (a 100-fold molar excess of cold EBS probe). Note that an anti Ets-1/Ets-2 antibody (anti-ETS-A; G6gonne et al., 1987) efficiently supershifts the c-Ets-I/EBS complex (compare lanes 8 and 9 with lane 11), but not the pointedP2/EBS complex (compare lanes 4 and 5 with lane 7). This antibody poorly recognizes the in vitro-and in vivo-produced pointedP2 protein compared to c-Ets-1 and a faint band of reduced mobility could be seen in lane 7 after a longer exposure (data not shown).
relationship between vertebrate and Drosophila ets genes, we have thus studied the transactivating properties of pointedP2 on two different composite ets-responsive sequences, which share an ets-binding site but rely on distinct partners for proper activation (either SP1 or fos/jun). The duplicated ets-responsive region 1 (ERR-I; the sequence of the Ets-binding site is G A G G A A A T G G G ) of the HTLV-1 LTR sequence and the polyoma-virus derived TORU element (the sequence of the Ets-binding site is GAGGAAGTGAC; Fig. 3A ,B) are both very efficiently transactivated by the c-ets-1/c-ets-2 gene products ( Fig. 3A ) (Wasylyk et al., 1990; G6gonne et al., 1993; Albagli et al., 1994; Coffer et al., 1994; Soudant et al., 1994) . In both chicken embryo fibroblasts and human HeLa cells, pointedP2 also stimulates these two c-Ets-I/c- Ets-2-responsive elements (Fig. 3A,B) . However, in all cases, pointedP2 appears less efficient than its vertebrates c-Ets-1/c-Ets-2 counterparts which mediate a more robust transactivation on these two sequences under the same conditions ( Fig. 3A ,B; see also G6gonne et al., 1993; A1-bagli et al., 1994; Coffer et al., 1994; Soudant et al., 1994) . We do not believe that this discrepancy is due to the dependence of pointedP2 activity on the ras-raf-MAPK signal (Brunner et al., 1994; O'Neill et al., 1994) since: (i) these experiments were conducted in high serum concentrations presumably stimulating this pathway; (ii) when cotransfected with the HTLV-1 LTR reporter, an activated ras encoding vector only slightly enhances the efficiency of pointedP2 under these conditions (data not shown). Note that an immunoprecipitation analysis in Cos-1 cells using an antibody directed against the ETS domain of human ERG protein (Dhordain et al., 1995) which equally recognizes in vitro-produced c-Ets-1 (p68) and pointedP2 proteins ( Fig. 3D ) reveals that the vertebrate product is more abundantly produced in vivo than pointedP2 (Fig. 3C) . It thus remains possible that the relatively weak efficiency of pointedP2 (compared to its vertebrate counterparts) reflects its lower abundance in vertebrate cells rather than an intrinsic functional difference. In any case, these results indicate that pointedP2 can transactivate at least a subset of c-Ets-1/c-Ets-2-responsive elements in vertebrate cells.
Vertebrate ets genes can substitute for pointed in vivo
Taken together, the above results established that vertebrate and Drosophila ets products can bind and transactivate an overlapping set of ETS-binding sites. To corroborate these in vitro results by in vivo data, we attempted to rescue the pointed mutant phenotype by the expression of vertebrate ets sequences. The Drosophila gene pointed is expressed and required for a number of different developmental processes. In particular, pointed is involved in several aspects of nervous system development. In the embryonic CNS, pointed is required in most glial cells. Whereas pointedP1 is found in lateral glial cells, expression of pointedP2 is confined to the midline glial cells. In these cells pointedP2 appears to act downstream of the EGF-receptor signalling cascade (Scholz et al., submitted) . The midline glial cells in the embryonic CNS are required for the establishment of the axonal scaffold. In wild type embryos, the major CNS axon tracts are organized in a ladder-like pattern. Longitudinal axon bundles are located on both sides of the midline and two segmental commissures connect the individual hemineuromeres (Fig. 4A) . During embryonic development, the midline glial cells are required for the correct formation of the commissural axon pattern as they intercalate between anterior and posterior commissures (K1/imbt et al., 1991). Embryos which lack functional midline glial cells show a typical axon pattern phenotype of fused commissures (Fig. 4B) .
During the development of the compound eye, pointed is required for the differentiation of the photoreceptor cells downstream of the MAP kinase ERK-A protein encoded by the gene rolled (Brunner et al., 1994; O'Neill et al., 1994; Dickson, 1995) . Each Drosophila ommatidium contains eight photoreceptor cells. The rhabdomers of the six outer photoreceptors are arranged in a trapezoid pattern around the inner R7 and R8 photoreceptor cells, with the R8 cell being located below the R7 cell (Fig. 5A) . The regular pattern of photoreceptor cells can be easily analyzed in tangential eye sections (Fig. 5A) .
To drive expression of individual transgene in both developmental systems, we used the GAL4 system (Brand and Perrimon, 1993) . To activate transcription in the midline glial cells, we have used a slit-GAL4 driver line, which allows expression of any UAS-transgene specifically in the midline glial cells (Wharton and Crews, 1993; Scholz et al., submitted) . To drive expression of a transgene in the developing photoreceptor cells, we used the K25-GAL4 line which harbors a construct that directs the expression of GAL4 in the expression pattern of the sevenless gene. This GAL4 construct allows the res- Fig. 3 . pointedP2 transactivates two distinct c-Ets-l/c-Ets-2-responsive elements in vertebrate cells. A pointedP2 or c-Ets-1 (p68) expressing vector (pTLP2 or pSG5P68) was cotransfected with either the triplicated polyoma virus-derived sequence PyB linked to the minimal tk promoter (TORU) or the duplicated ERR-1 (ets-responsive region sequence) from the HTLV-1 LTR (HTLV) referred to as 6-2 57S+S in G6gonne et al. (1993) (Wasylyk et al., 1990; G6gonne et al., 1993; Albagli et al., 1994) . The sequence of the Ets-binding site is GAGGAAGTGAC for the TORU element and GAGGAAATGGG for the HTLV element. A cotransfected pSV-luc vector was used to correct for variations in transfection efficiency. (A) pointedP2 transactivates two c-Ets-l/c-Ets-2-responsive elements in HeLa cells (HeLa) and chicken embryo fibroblasts (CEF). The means of at least three experiments with two plasmid preparations were plotted. For clarity, the values obtained with the empty vectors (either pTL or pSG5) were arbitrary taken as 1. The experiments gave very reproducible results. (B) Typical normalized CAT autoradiograms are presented. (C) The pointedP2 protein is much less produced than c-Ets-1 in vertebrate cells. An immunoprecipitation experiment in transiently transfected Cos-1 cells using an antiserum recognizing the ETS domain of the human ERG protein (Dhordain et al., 1995) is presented. P2R, immunoprecipitated rabbit reticulocyte-produced pointedP2 protein. (D) This anti-ERG antiserum immunoprecipitates in vitro-produced c-Ets-1 and pointedP2 with a similar efficiency. Equal amounts of in vitro-produced c-Ets-1 and pointedP2 were loaded directly (D) or after immunoprecipitation with the anti-ERG antibody (I). A similar I/D ratio can be observed in each case. This indicates that the marked difference in the intensity of the pointedP2 versus c-Ets-1 signals observed in Cosl cells should reflect their respective level rather than a differential recognition by the anti-ERG antiserum. Note that the correction of the slight variations in transfection efficiency using a cotransfection pSV-luc vector does not change the ratio between the level of the two proteins (data not shown). For each SDS-PAGE analysis, the position of the relevant molecular weight markers is indicated at the right of the autoradiogram (size in kDa). cue of a hypomorphic pointed eye phenotype by the expression of a UAS-pointedP2 transgene (Brunner et al., 1994) .
Expression of either chicken c-Ets-1 (p68), c-Ets-2 and v-Ets (the oncogenic counterpart of c-Ets-1) in the midline glia of mutant pointed embryos rescues the midline glial cell phenotype (Fig. 4 , and data not shown). However, the rescue by the vertebrate ets genes is not as penetrant as the rescue observed following pointedP2 expression (Scholz et al., submitted) . Mutant pointed embryos, which can be unambiguously identified on the basis of their tracheal defects (Scholz et al., 1993) show the typical axon pattern of fused commissures (Fig. 4B) . Following expression of chicken ets sequences in the midline glial cells, the commissures do not appear fused any more but rather are separated into discrete anterior and posterior commissures (Fig. 4C,D) . However, we never observed a complete restoration of the wild type axon pattern, indicating only a partial rescue. In addition, some phenotypic variability can be detected among the embryos expressing the individual transgenes. The phenotypes observed range from relatively normal segments (Fig. 4C, arrowhead) to segments showing the mutant pointed phenotype (Fig.  4D) . Most (about 70%) of the segments analyzed display a partial rescue indicated by the partial separation of anterior and posterior commissures (Fig. 4C,D) . In the embryonic CNS, the rescue mediated by c-ets-I, c-ets-2 and v-ets sequences appeared comparable. These results indicate that vertebrate ets genes share sufficient functional homology with pointed to allow activation of at least some of the endogenous pointedP2-target genes required for midline glial cell differentiation.
About 90% of the ommatidia are affected by the reduction of pointedP2 expression during development of compound eye, as it is observed in pnt/ess / pnt 1277 flies (Brunner et al., 1994) (Fig. 5B) . In these flies, a frequent loss of the R7 photoreceptor cells as well as of some outer photoreceptor cells is observed. Expression of pointedP2 in the sevenless expression pattern is able to rescue this aspect of the pointed mutant phenotype (Brunner et al., 1994) . Expression of the chicken c-ets-2 gene in the sevenless expression pattern leads to a partial restoration of the normal wild type ommatidial pattern (Fig. 5C ). In pnr es8 / pnt 1277 flies expressing the c-ets-2 sequences, about 50% of the ommatidia show the normal trapezoid arrangement of photoreceptor rhabdomers (Fig. 5C ). In addition, we sometimes observed a slight change in individual rhabdomer morphology which is not observed in pnt zess / pnt 1277 flies. Expression of v-ets also leads to a partial restoration of the normal ommatidial pattern with only 25% of the ommatidia containing eight photoreceptor cells. No change in rhabdomer morphology was observed. In any case, these results indicate that vertebrate ets genes also transactivate at least a subset of the pointedP2 target genes involved in the neuralization of the R7 precursors.
The 'constitutive' pointedP1 isoform can replace the 'inducible' pointedP2 isoform during photoreceptor differentiation
The highly conserved ETS DNA-binding domain is the most conspicuous structural homology between vertebrate and Drosophila ets products. One can thus imagine that the conservation of the ETS domain among ets genes is the leading constraint underlying their ability to substitute to each other in vivo, with fewer constraints for the structure on the linked activation function. However, vertebrate ets sequences also share the conserved RII box with the pointedP2 isoform (Kl~imbt, 1993 ) (see Fig. 1 ). For both vertebrate and Drosophila ets products, this domain is required to mediate ras-dependent stimulation/ phosphorylation (Brunner et al., 1994; O'Neill et al., 1994; Yang et al., 1996) . The structural relationship between the pointedP1 isoform and vertebrate ets proteins is limited to the ETS domain (Fig. 1) . pointedP1 behaves as constitutive transcriptional activator of the ETS binding sites with respect to the ras/raf/MAPK signal (O'Neill et al., 1994) . To determine whether the rescue of the pointedP2 mutant phenotype only requires a closely related (or identical) ETS domain linked to some activating function or rather relies on further relationships between regulatory/activation domains outside the ETS domain, we examined the effect of ectopic pointedP1 expression in eye. The transformants line UAS-PI.1 (Klaes et al., 1994) leads to very low levels of pointedP1 expression when crossed to the sevenless-GAL-4 driver line K24, possibly due to an insertion of the P[lacZ, in transcriptionally inactive chromatin. Flies carrying the sevenless-GAL-4 driver line K24 and the effector line UAS-PI.1 show pupal lethality at 25°C. At 17°C, however, flies carrying both constructs, sevenless-GAL-4 and UAS-PI.1, eclose and show a rough eye phenotype. Tangential sections through such eyes show an unchanged number of rhabdomers per ommatidia. However, the ommatidial morphology is disturbed: instead of the normal trapezoid pattern, rhabdomers are often arranged in a symmetric pattern (Fig. 6A) . In addition, the orientation of ommatidia appeared random. Pigment cells appears also affected by pointedP1 expression and are missing between several ommatidia (Fig 6A) . This phenotype is more pronounced in the posterior part of the eye. When pointedP1 was expressed at 17°C in the sevenless expression pattern in pnt ~88 / pnt 1277 flies, we observed a partial rescue of the pointed mutant eye phenotype since about 65% of the ommatidia showed the normal number of photoreceptor cells (Fig. 6B) . Thus, ectopic expression of either the vertebrates ets sequences or of the pointedP1 isoform can replace pointedP2 to trigger photoreceptor differentiation. That the structural homology between vertebrate ets products and pointedP1 is restricted to the ETS domain (Klambt, 1993) (see Fig. 1 ) suggests that the ability to substitute for pointedP2 in vivo does not entail strong constraints for the structure and regulation of the transactivating region, 5 6 provided it is linked to the highly conserved ETS domain of any vertebrate or Drosophila ets gene.
Discussion
The products of the vertebrate and Drosophila ets genes share a highly conserved DNA-binding domain. Here, we demonstrate that these proteins also share functional properties as: (1) they bind to an optimized ETS probe with a comparable efficiency in vitro; (2) pointedP2 transactivates two distinct c-Ets-1/c-Ets-2 responsive elements in vertebrate cells; (3) vertebrate ets gene products transactivate at least some pointedP2 target genes in vivo, since they partially compensate pointed function in both the midline glial cells in the embryonic CNS and the developing photoreceptor cells in the developing compound eyes. Thus, vertebrate and Drosophila ets genes appear both structurally and functionally conserved. In this respect, it is interesting to note that some in vitro and in vivo studies have previously suggested a role for c-ets-1 in mammalian glial differentiation (Amouyel et al., 1988; Fleischman et al., 1995) . pointedP2 appears less efficient than its vertebrate counterparts at transactivating both the HTLV-1 LTR sequence and the TORU element. Conversely, expression of vertebrate ets sequences leads to a partial rescue of two aspects of the pointed phenotype. This may suggest that the function of vertebrate and Drosophila ets genes is perhaps not completely conserved between arthropods and mammals. A similar case is provided, for instance, by the mouse M33 protein which emulates the function of its Drosophila homologue Polycomb (Pc) in the silencing of selector (Hox) genes during fly development, albeit with a somewhat reduced efficiency compared to Pc (M~iller et al., 1995) .
Beside their ability to bind the same sequences, what could be the essential and evolutionary conserved function(s) allowing vertebrate ets genes to substitute for pointed in vivo? It was very recently shown that, in addition to pointedP2, the components of the AP1 complex, especially the Drosophila jun gene product, also play an essential role in photoreceptor cell development (Treier et al., 1995) . The induction of supernumerary R7 cells upon ectopic expression of an activated jun allele is dependent on pointed, suggesting that these two genes cooperate for R7 differentiation in vivo. Interestingly, vertebrate c-Ets-1 and c-Ets-2 and Drosophila pointedP1 and pointedP2 proteins also synergistically activate a composite API/ ETS element in combination with AP1 components (jun orjun plus fos) (Wasylyk et al., 1990; Treier et al., 1995) . Thus, it is likely that this evolutionarily conserved functional interaction plays an important role in the ability of vertebrate ets genes to rescue the pointed mutant phenotype, at least for R7 differentiation. Other functional cooperations involving ets products are possibly evolutionary conserved. Indeed, in the pituitary GH4 cells, the response of the highly tissue-restricted prolactin promoter to the ras-raf-MAPK signal is mediated by a functional interaction between c-Ets-1 (p68) and a tissue-specific homeobox factor GHF1/Pit-1 (Bradford et al., 1995) . Both the ras-raf-MAPK cascade and pointed are also required for the differentiation of outer photoreceptor cells (Brunner et al., 1994; O'Neill et al., 1994) , the fine identity of two of them being determined by another homeobox protein encoded by the rough gene (Basler et al., 1990; Kimmel et al., 1990; Heberlein et al., 1991) . Thus, both in pituitary cells as well as certain outer photoreceptors, a cooperation between a tissue-specific (homeobox) protein and an ets gene product could possibly interpret the ras-raf-MAPK signal to give an efficient and tissuerestricted transactivation of highly specific genes.
The ability of vertebrate ets genes to partially restore the R7 differentiation provides the opportunity to further study their functional domains and their regulation in vivo. For instance, it was recently shown in vertebrate cells that ras enhances both c-Ets-1 and c-Ets-2 activity through phosphorylation of the threonine residue homologous to pointedP2 threonine 151 residue (Yang et al., 1996) . This may lead to infer that Drosophila ERK-A kinase directly phosphorylates and activates vertebrate ets products to trigger R7 differentiation in rescued ommatidia. However, the effectors of the ras signal leading to ets-products phosphorylation in vertebrate cells are elusive and, for instance, the participation of ERK-1/ERK-2 kinases (the closest vertebrate relatives of the Drosophila ERK-A protein) is controversial (Coffer et al., 1994; Yang et al., 1996) . Genetic analysis should now allow us to determine to what extent the observed rescue with vertebrate ets sequences depends on the various known effectors of ras in the R7 cascade. However, it should be stressed that overexpression could alter the functional differences and/or the requirement for post-translational modifications among ets gene products. For instance, the 'unphosphorylable' pointedP2 mutant (T151A) can yet cooperate with Jun mutants for transcriptional activation when overexpressed in vitro (Treier et al., 1995) . More importantly, appropriately targeted overexpression of either the 'constitutive' pointedP1 (devoid of the RII box) or the 'inducible' pointedP2 protein similarly rescues the CNS axon pattern of fused commissures (Scholz et al., submitted) or the defect in R7 differentiation (this work) of pointed mutants. The apparent functional equivalence between the pointed products indicates that upon ectopic expression the fulfillment of these two functions of pointed primarily requires the presence of the pointed ETS domain linked to an activating function rather than the ras-regulation via the RII box. Thus, it remains possible that ectopically expressed vertebrate ets products behave as weak versions of pointedP1, i.e. as constitutive activators whose overexpression yet provides a sufficient level of 'ets activity' to partially phenocopy the function of their Drosophila counterparts. In this case, the (RIIcontaining) vertebrate ets products would provide a higher 'basal' activity than their closest relative pointedP2, whose 'unphosphorylable' T151A mutant has no rescuing capabilities in eye (Brunner et al., 1994) . Together with the possible activation of vertebrate ets product by ras-regulated MAPK(s) distinct from the vertebrate ERK-A counterparts ERK-1/ERK-2 (Yang et al., 1996) , these possibility suggests that the importance and the mediation of the ras signal for RII-containing ets-products activation may have somewhat diverged throughout evolution.
Experimental procedures
Cell culture
All vertebrate cell cultures (chicken embryo fibroblasts, human HeLa cells and simian Cos-1 cells) were routinely maintained in Dulbecco medium at 37°C in a H20-saturated/5% CO2 atmosphere .
Generation of DNA constructs
EMSA experiments and transient transactivation assays
A XhoI/BamHI fragment containing the entire pointedP2 ORF cloned into the XhoI/EcoRI of the pBS SK+ vector (Stratagene) (K1/imbt, 1993) was inserted into the pTL expression vector (kindly provided by T. Lufkin and B. Wasylyk) using the XhoI/BgllI restriction sites. Note that pTL is a derivative of pSG5 (only differing by their polylinker). Thus, in EMSA experiments, the control empty vector for both pSGc-Ets-1 (p68) and pTLpointedP2 was pTL.
Rescue experiments
cDNA clones encoding the entire ORF of the chicken c-ets-1 (encoding c-Ets-1 p68), c-ets-2 and v-ets (Leprince et al., 1983; Nunn et al., 1983; Boulukos et al., 1988) were inserted into the pUAST vector (Brand and Perrimon, 1993) to generate UAST-c-ets-1, UAST-c-ets-2 and UAST-v-ets, respectively. The constructs were injected into embryos derived from a white s stock according to standard procedures. Six independently transformed fly lines were obtained for UAST-c-ets-1, ten independently transformed fly lines were obtained for the UAST-c-ets-2 construct and seven independently transformed fly lines were obtained for the UAST-v-ets construct. Expression of the transgenes was induced using the sli-GAL driver line described by Scholz et al. (submitted) , and the sev-GAL driver lines K24 and K25 (Brunner et al., 1994 , kindly provided by E. Hafen and K. Basler).
EMSA experiments
The EMSA experiments using rabbit reticulocyte lysates (TNT Promega) produced proteins and the EBS sequence as a probe were performed as previously described using the T7 RNA polymerase site in both pSG5 and pTL .
Transient transactivation assays
Transient transfection assays in vertebrates cells using the reporter vectors, 6-2 57S+S (HTLV-1-LTR) and 3 x PyB-tk-CAT (TORU (Wasylyk et al., 1990; G6gonne et al., 1993; Albagli et al., 1994) and corrected for transfection efficiency using a cotransfected pSV-luc vector, were performed as previously described . All the transfections were performed using at least two plasmid preparations and gave very reproducible results with a standard error routinely below 20%. The autoradiograms were optically scanned using the bioprofil analysis system (Vilber Lourmat).
Immunoprecipitation analysis
The anti-ERG polyclonal antibody (kindly provided by P. Dhordain) has been previously described (Dhordain et al., 1995) . The immunoprecipitation experiments of transfected Cos-1 cells lysates were conducted as described in Albagli et al., 1994. 
Antibody staining
To monitor the phenotypic consequences following expression of chick sequences, a standard whole mount antibody staining protocol was used (Kl~imbt et al., 1991) .
Histology
Semithin sections (2#m) of eyes were prepared as follows. The head with one eye removed was cut from the body and fixed on ice in 0.1 M PO 4, 2% glutardialdehyde and 1% OsO4 for 30 min. Following two washes with ice cold distilled water, the tissue was fixed in 2% OsO4 for 2 h. Following dehydration, the eyes were embedded in Araldite and sectioned on a UKB microtome.
Genetic and rescue experiments
The following mutant alleles were used in this study.
pointed "ess, which represents an amorphic pointed allele, and pointed 1277, which is a homozygous viable, weak hypomorphic allele affecting only the pointedP2 function.
Mutations were kept on 'blue' balancer chromosomes in order to recognize the homozygous mutant embryos. In addition, homozygous mutant pointed embryos could be easily recognized on the basis of their prominent tracheal phenotype. To rescue the different aspects of the pointed mutant phenotype, the following recombinants were established: pnt 1277, P rosy] ; pnt Ass, P[white, ; pnr 188, P [white, UAS-v-ets] . To 1277, P[sev-hsp-GAL-4, rosy] flies were crossed to pnt ass, UAS-c-ets-2/TM3 flies (or pnt A88, UAS-vets/TM3) flies. To rescue the pointed eye phenotype by pointedP1 expression, the following cross was performed:
P , rosy]/CyO; pnt1277/pnt 1277 × pnt Ass, UAS Pl.1/TM3. Since the CyO phenotype is not penetrant at low temperatures, non-CyO, non-TM3 males were first allowed to mate to wild type flies in single pair matings and subsequently prepared for eye sectioning. The correct genotype was assured in the next generation.
